A mathematical model for biomass pretreatment is developed and validated. The model is a set of unsteady multiphase reaction-diffusion equations. The strongly coupled equations are solved using spectral finite-element method. Chemical reactions are driven by spatio-temporal acid molarity variation. Steam diffusion, condensation, and evaporation strongly affect local acid molarity. a r t i c l e i n f o 
Introduction
The biochemical conversion of lignocellulosic biomass to alcohol or hydrocarbon fuels involves three distinct operations, namely, pretreatment, enzymatic hydrolysis, and fermentation. Pretreatment of biomass is performed mainly to reduce the resistance of biomass cell walls to enzymatic hydrolysis (so-called biomass recalcitrance) [1, 2] . Exposed cellulose chains in lignocellulosic materials after pretreatment are more easily hydrolyzed to sugars via enzymatic hydrolysis and are subsequently converted to ethanol by fermentation. Pretreatment can be performed using several mechanical and physicochemical methods that include vibratory ball milling [3] , steam explosion [4] , ammonia fiber expansion [5] , dilute-acid hydrolysis [6] [7] [8] , alkali hydrolysis [9, 10] and using ionic liquids [11] .
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Among these techniques, steam explosion disrupts the outer lignin structure, while dilute-acid pretreatment catalyzes the conversion of hemicellulose components such as xylan to simpler sugars [12] . A combination of these two methods, commonly called steam-assisted dilute-acid pretreatment, is a leading pretreatment process currently being developed in several laboratories. In its basic form, dilute-acid pretreatment involves the impregnation of milled biomass particles with sulfuric acid and subsequent rapid exposure of the biomass to saturated steam [13] .
Acid-impregnated biomass particles undergoing steam explosion is a complex process that includes heat and mass transfer, steam-water phase transitions, and chemical reactions. Thermaldiffusion time scales are typically much shorter than chemical reactions and species mass transfer in the pretreatment processes. Acid-catalyzed hydrolysis tends to be strongly dependent on water content in the biomass particles due to dilution of local acid concentrations. Steam diffusion, condensation, and liquid evaporation contribute to the spatio-temporal variation of acid concentration in the particle. There are several mathematical models in the literature that studied the different aspects of pretreatment, including chemical kinetics, phase transitions, and diffusive transport. These models have been used for biomass pretreatment, pulping processes in the paper industry, and also in food processing. We describe these models in the order of complexity with which the different aspects of pretreatment are addressed.
Modeling of pretreatment chemical kinetics have been performed by solving coupled ordinary-differential equations (ODEs) for concentrations of various participating species that include xylan, xylooligomers, xylose, and furfural. Esteghlalian et al. [6] studied detailed kinetics of dilute-acid pretreatment using firstorder Arrhenius reaction rates. The rate constants were fit to experimental data for a simple analytically solved kinetics model, and optimum pretreatment conditions were determined for maximizing sugar yield. Mittal et al. [14] simulated hydrothermal pretreatment using coupled ODEs, where xylan undergoes autohydrolysis to yield xylooligomers, xylose, and furfural. The spatial variations of species concentrations via diffusive mass transport were neglected in this model and an average mass-transfer coefficient was used as a source term to account for non-reactive mass transfer. Gustafson et al. [15] developed a model for the kraft pulping process, which involves both diffusive mass transfer and chemical reactions. The pulping reactions consume alkali and release carbohydrates, lignin, and acetyl groups that diffuse out of the wood chips. The reduction in alkali concentration augments diffusive mass transfer from the bulk into the particle. The model was used to predict the time evolution of the chip lignin and carbohydrate content during the pulping reactions and the effective alkali concentration as a function of wood lignin content. Sensitivity of chip thickness to various metrics pertinent to the kraft pulping process, such as total yield, screened kappa number, and effective alkali consumption, was also explored using this model.
Abasaeed et al. [16] simulated acid hydrolysis of hardwood cellulose using a one-dimensional model comprised of both transient and spatially dependent heat transfer and chemical reactions. Typically, the wood particle is assumed to be isothermal when time scales of thermal conduction are much shorter than those of chemical reactions. The time scales become comparable for sufficiently large particles, and transient temperature effects become important. The model was used to investigate the effect of the chip size on sugar yield and reaction-completion times at different temperatures and acid concentrations.
Xu et al. [17] developed a steady-state model for heat and moisture transfer through textiles. This model included heat and mass transfer, phase transitions, and kinetics pertaining to condensation and evaporation. Coupled ODEs for temperature, water-vapor pressure, water-vapor mass flux through textile pores, and steam condensation on the surface of the textile were solved in this model. The mass transfer of water was modeled using approximate kinetic coefficients and not through diffusive transport.
Sprague and Colvin [18] developed a model that included heat and mass transfer, phase transitions, and chemical reactions for food-processing applications. Their model accounted for heat and liquid-water transport, evaporation of liquid water into steam, steam transport, and heterocyclic amine formation in a frying beef patty. It was used to simulate the spatio-temporal variation of temperature and to estimate the average heterocyclic amine concentration in the patty as a function of the initial frying-pan temperature. A beef patty is a porous and fibrous medium like biomass and the modeling concepts employed are relevant to the multi-physics model developed in this paper.
The focus of this work was to develop a multiphysics model for an individual biomass (corn stover) particle that accounts for the above-mentioned transient reaction-diffusion processes for steam, various chemical species, and temperature. We combined several of the modeling concepts discussed above and develop additional components as needed based on our current understanding of the high-solids pretreatment process. Simulation results were validated with experimental results obtained from a steam-explosion reactor in which pre-impregnated biomass particles at high solids are fully fluidized and well mixed.
Mathematical model

Assumptions
The model assumes high-solids pretreatment of a pre-impregnated cylindrical biomass particle, with length 2' and diameter d as shown in Fig. 1 , that consists of solid, liquid, and gas phases at any point during pretreatment. The representative mass and volume fractions, which can vary along the length of the particle are also shown. The gas phase, which is mainly steam, has negligible mass fraction but can occupy a major portion of the volume. The volume fractions of the three different phases in a biomass particle are related as
where P ; S ; L and G represent porosity, solid volume fraction, liquid volume fraction, and gas volume fraction in the particle, respectively. The heat and mass transfer are assumed to occur along the length of the particle. Plant biomass is known to have a porous structure that is highly anisotropic [19] , and hence we assume a Fig. 1 . Cylindrical biomass particle with pie charts depicting typical mass and volume fractions of solid, liquid, and gas phases. one-dimensional model for mass diffusion. On the other hand, transverse heat transfer will be higher due to large surface-area to volume ratios. The diameter d is obtained from the length of the particle by assuming an aspect ratio (2'=d) of 20. Quantitative optical measurements of milled corn stover particles indicated a range of aspect ratios between 1 and 30 [20] . A sensitivity of the current model to aspect ratio is also provided in Section 6.
The pretreatment process ideally involves the conversion of long-chain xylan into xylooligomers and ultimately into monomeric xylose. Xylose is further converted to the undesired degradation product furfural, which is the final product species assumed in this model. The chemical reaction schematic is shown in Fig. 2 . All of the reactions are acid catalyzed, and we assume a homogeneous concentration of acid throughout the particle as a result of preimpregnation. The total amount of acid remains constant during pretreatment, while its molar concentration is reduced due to steam condensation and subsequent dilution. The mass of nonreacting solids, primarily lignin and glucan, is assumed to remain constant during pretreatment.
Governing equations
The transport and volumetric loss of steam along the biomass particle is given by
where the first term on the right-hand side (RHS) represents diffusion, the second term represents the loss of steam through condensation, and the third term represents addition of steam via evaporation. The modeling approach for condensation and evaporation are discussed further in Section 2. 
Liquid volume fraction increases via steam condensation and reduces via evaporation, represented by the two terms on the RHS. We neglected transport of liquid in the particle because the evaporation, steam transport, and condensation rates are expected to be faster than surface diffusion or capillary action.
The governing equation for the variation of xylan mass fraction in the solidsf x is given by
The reaction terms on the RHS represent the conversion of xylan to xylose and xylooligomers. The terms k xo and k x1 represent rate constants associated with conversion of xylan to xylooligomers and to xylose, respectively. The conversion rate also depends on the concentration of acid c acid and the porosity P of the biomass particle.
The governing equation for the variation of Xylooligomer concentrationc xo is given by
The RHS of Eq. (5) 
Xylose is produced from the breakdown of xylan and xylooligomers and gets converted to furfural. It also diffuses in solution (with diffusion coefficient D xy ) through concentration gradients, represented by the first term on the RHS. The rate constant k f is associated with conversion of xylose to furfural and M xy is the molecular weight of xylose. The governing equation for transient and spatial variation of furfural concentrationc f is given by
Furfural is the final product in the finite-rate chemistry shown in Fig. 2 and is formed from xylose. It is also a water-soluble compound and diffuses spatially within the biomass particle. The term D f represents the furfural diffusion coefficient in solution and M f is its molecular weight. The thermal-energy equation associated with the common temperature T associated with solid, liquid, and gas phases in the biomass particle is given by
where C eff ; q eff and k eff represent the volume-weighted effective specific heat, density, and thermal conductivity, respectively. The temperature varies spatially within the particle via thermal-diffusion and the latent heat (L) source term on the RHS of Eq. (8). The temperature variation along the radial direction is neglected in the model, but the heat transfer through the lateral surface of the particle is accounted for by a source term on the RHS. This depends on the convective heat transfer coefficient h and varies linearly with the temperature difference between the particle interior and the ambient surrounding steam temperature (T s ). The lateral heat transfer is directly proportional to the surface-area to volume ratio, which depends on the reciprocal of particle diameter d.
Xylan
Xylooligomers
Chemical-reaction pathways for the pretreatment process along with symbols depicting reaction-rate constants.
Transport coefficients
The diffusion coefficient of steam can be obtained from the Knudsen diffusion formula [21, 22] given by
where k B is the Boltzmann's constant and T is the temperature of the biomass particle. The pore diameter d pore in pretreated corn stover found in literature ranges from 2 to 20 nm [23] . Mean free path of steam at pretreatment temperatures and pressures of approximately 400 K and 100 psi, respectively, is approximately 35 nm for water molecule size of 0.3 nm. The pore diameters are therefore comparable to steam mean free paths, making the Knudsen diffusion assumption valid for the current study. The steam-diffusion coefficient is also scaled by G ¼ P À L , which is the fraction of accessible pores for the gas phase. Diffusion coefficients of solutes (xylose, furfural, and xylooligomers) are obtained through the Stokes-Einstein diffusion law,
Here, g is the dynamic viscosity of the solvent (water), and r is the molecular radius of the solute molecule. The solute diffusion coefficient is also scaled by the liquid volume fraction L . The molecular diameter of xylose and furfural are reported to be 0.68 nm and 0.57 nm, respectively [24] . The size of xylooligomers depends on the number of xylose molecules linked together in the oligomer. This includes Xylobiose (2 molecules), Xylotriose (3), Xylotetrose (4), and Xylopentose (5) [25] . Xylotriose is assumed to be the dominant oligomer in the chemistry used in the simulations. For water at 100
À4 Pa s.
Reaction rates
The rate coefficients used in the finite-rate chemistry are in the first-order Arrhenius form given by
where A is the pre-exponential factor and E a is the activation energy. The rate coefficients for steam evaporation and condensation depend on the local temperature of the biomass particle. While the steam outside the particle is constant at its saturation temperature, local temperatures within the particle fluctuate due to heat transfer and phase change. The saturation temperature of steam (T s ) is assumed to be the threshold above which the steam condensation rate becomes zero and below which the steam evaporation rate becomes zero. When condensation or evaporation conditions are met, it is assumed to occur at a constant rate of k ¼ 10 s À1 , which was used by Sprague and Colvin [18] and Nguyen and White [26] . The evaporation rate constant also has a threshold liquid fraction below which evaporation does not take place. This threshold LT is assumed to be the total initial porosity of the biomass particle. It is assumed that liquid evaporation happens only after all the pores (locally, at position x) are filled. Sprague and Colvin [18] assumed the threshold to be the initial liquid fraction, which was the same as the total porosity. The condensation-and evaporation-rate constants are given by
The variation with temperature of both rate constants are implemented in the simulation code with linear variation within 0.1% of the saturation temperature instead of a sharp discontinuity.
Boundary conditions
Only half of the biomass particle illustrated in Fig. 1 is simulated, i.e., x 2 ½0; ', assuming symmetry at x ¼ 0. The boundary conditions for Eqs. (2)- (5), (3)- (8) are shown in Table 1 . The gradients of all variables vanish at x ¼ 0 to ensure symmetry. The species gradients for xylooligomers, xylose and furfural go to zero at the boundaries thereby enforcing a zero-flux condition. The ambient steam concentration (c s;bulk ) in the reactor is applied as a Dirichlet boundary condition at x ¼ '. A Robin-type boundary condition is used for the thermal-energy equation, where thermal conduction flux within the particle is matched by convective heat transfer of ambient steam. Eqs. (3) and (4) do not have diffusion terms and do not require boundary conditions. Their initial values are obtained from experimental data.
Other relations
Xylan and water-soluble species (xylooligomers, xylose, and furfural) concentrations are relative to the volume of solid and water in the biomass particle, which change with steam condensation and porosity variation. Therefore, the species governing equations (Eqs. (4)- (7)) have to be formulated on an absolute molar basis to ensure mass balance in simulations (i.e., the tilde denotes dimensions of [ 
where the dependent variables in the governing equations are obtained by scaling the molar concentrations with the corresponding volume fractions. Xylan mass fraction is scaled by the solid volume fraction, while the liquid soluble compounds are scaled by the liquid volume fraction. The initial condition for the equation governing xylan mass fraction (Eq. (4)) is given bỹ
where a zero superscript denotes an initial condition, e.g. f 0
x is the initial xylan mass fraction. The porosity of the particle at any spatial location is determined by assuming that solid components other than xylan do not undergo conversion. The governing equation for porosity can be formulated as follows. Consider a volume dV of the biomass particle with a solid mass m T and porosity P . The mass of xylan m X and other solids m OS is given by Table 1 Boundary conditions for the governing equations.
The total solid volume (ð1 À P ÞdV) can be written in terms of the mass of other solids and densities of xylan (q X ) and other solids (q OS ) as
Because m OS and dV are invariant over time, taking the ratio Eq. (20) for time t ¼ 0 and at time t, we get the governing equation for porosity.
The effective specific heat, mass density, and thermal conductivity terms used in Eq. (8) are obtained as volume-fraction-weighted average of values corresponding to solid, liquid, and gas phases as
Here C; q and k with solid (S), liquid (L) and gas (G) subscripts represent individual phase specific heat, mass density and thermal conductivity, respectively. Because the acid is assumed to be a catalyst, the total number of moles does not change. Therefore, the acid concentration decreases with increase in liquid fraction as
Numerical method
Eqs. (2)-(8) represent the transient multiphase reaction-diffusion equations for the one-dimensional pretreatment model. These equations are discretized in space using the Legendre spectral finite element (LSFE) method [27] . Spectral finite element methods can provide optimal solutions with a minimum number of degrees of freedom and are well suited for highly regular solutions that arise in reaction-diffusion systems. When combined with nodal quadrature, LSFEs also have diagonal mass matrices, which are easily inverted for time-stepping methods. The system of partial-differential equations can be generalized into a strong form as
where u is the solution vector consisting of seven variables, and the T superscript denotes a transpose.
The terms ½C; ½D and ½R are diagonal matrices that represent convection, diffusion and reaction terms respectively, and are given by
The convection terms for soluble species in Eq. (27) arise due to the formulation of thermodynamically consistent diffusive flux for which the gradient of concentration with respect to water (c xo ; c xy ; c f ) is used rather than the absolute molar concentration (c xo ;c xy ;c f ).
The source term f is given by 
where ½M represents the mass matrix, ½K C represents the convection stiffness matrix, ½K D represents the diffusion stiffness matrix, ½K R represents the reaction stiffness matrix, and F is the source term. The coupled ODEs are solved using a semi-implicit time stepping method to circumvent the severe time step restrictions imposed by steam and temperature diffusion time scales. The diffusion coefficients for steam and temperature equations tend to be 1000 to 10,000 times larger than species diffusion making the system extremely stiff. The semi-implicit time integration scheme can be formulated as
where the superscript n denotes the time-level and the total time is given by t n ¼ nDt, where Dt is the time interval. First-order backward-difference time stepping is used with the right-hand side of Eq. (29) written at the future time level n þ 1, with approximate linearization by time-lagging the stiffness matrices. This approach requires a linear-system solve at every time step, which is done through a matrix-free generalized minimum residual (GMRes) algorithm. The simulation results shown in Section 5 are obtained using a mesh of 15 elements with a polynomial order of three. The time increment used for the implicit time stepping is 0.25 s, which was sufficiently accurate when compared to a fourth-order Runge-Kutta simulation with a time-step of 0.0002 s that corresponds to steam diffusion time scales. The solutions were also tested with more degrees of freedom and were found to be grid independent. Simulations were run on a single modern cpu and simulations to one minute required about three minutes of wall-clock time.
Bench-scale pretreatment experiments
Feedstock and dilute-acid impregnation
Pioneer maize variety 33A14 whole corn stover grown in Wray, Colorado was used for the experimental work. Corn-stover particle size was reduced to pass a 6.4 mm (0.25 in.) screen using a knife mill. Feedstock processing and storage has been previously described by Shekiro et al. [28] . Milled corn stover was subsequently pre-impregnated with acid by soaking in a recirculating acid bath [13] . For this study, 10 kg of corn stover (dry-basis) was soaked at 7% (w/w) solids for two hours in a Hastelloy mesh basket. After two hours the basket was lifted from the acid solution and allowed to drain until a small amount of liquid was dripping from the biomass. After draining of the acid, the soaked slurry was 20% (w/w) solids. The post-drain slurry was further dewatered to 44% (w/w) solids using a hydraulic piston press [28] . At this solids concentration, all moisture was contained within the pores of the biomass particles. The acid impregnated biomass (AIB) was stored at 4 C until it was pretreated. Solids composition of the AIB was measured, and is shown in Table 2 .
Pretreatment and analysis
Dilute-acid pretreatment was performed in the National Renewable energy Laboratory (NREL) batch steam explosion reactor, which is described elsewhere [13] . Briefly, the batch reactor has a total volume of 4 L, and is heated by direct injection of saturated steam. The reactor was loaded with 500 g of AIB at a solids fraction of 0.44 for each pretreatment run. Over the course of pretreatment, steam condenses, causing a transient dilution profile of components solubilized during pretreatment. When the desired time was reached (5, 10, 20, 30 , and 40 min in this study), the reaction was quenched by quickly discharging into a 55 gallon polypropylene bag in a process known as steam explosion. Vapors were allowed to condense in the bag and the resulting slurry is stored at 4 C until analysis. For this study, AIB at 0:5% ðw=wÞ H 2 SO 4 and 1:0% H 2 SO 4 was pretreated at 150 C and 170 C at varied residence times. Two 500 g pretreatment runs were performed and collected in the same bag at each condition. A list of the pretreatment conditions is shown in Table 3 . Fraction insoluble solids (FIS), solids compositions, and monomeric and total sugar concentrations were determined using NREL's standard laboratory analytical procedures [29, 30] . Table 4 gives the initial conditions that were used for what we specify to be the ''base-case'' simulations, i.e., those that were for the initial conditions of saturated steam at 150 C and the biomass impregnated with 1% acid by weight. The initial conditions for the other simulations were set to match the corresponding experimental conditions and varied accordingly from those shown in Table 4 . Table 5 gives the model parameters that were invariant between the set of simulations performed in this work (excluding the kinetic rate parameters that are discussed below). The solid density (q s ) is assumed to be a nominal value of 1000.0 kg/m 3 , obtained from true density measurements of biomass feedstocks reported in literature [31] .
Results
Base-case simulation parameters
The density of solids other than xylan (q OS ) is assumed to be an average density of dominant solids, glucan (q Gl ) and lignin (q Li ). The liquid density (q l ) is assumed to be that of water and its marginal variation with temperature is neglected. The particle length (2') is assumed to be equal to 5 mm for all the simulation cases, for which a sensitivity study is performed in Section 6. The simulation results are compared with experimental measurements of species concentrations, water dilution via steam, and fraction of insoluble solids (FIS or f is ) in the resulting slurry after various pretreatment times. The spatially varying species concentrations, water content, and xylan mass fractions from the simulations are averaged over the length of the particle to obtain time-dependent integrated parameters for the comparison study. The time-dependent spatially averaged soluble species concentrations for xylooligomers, xylose and furfural are given by
The dilution via steam d is measured as the amount of water added per gram of initial liquid, which is obtained from the simulations
The integrated xylan mass fraction X in the solids is obtained as
The expression for fraction of insoluble solids is obtained by first calculating the mass of solid phase (m S ) and liquid phase (m L ) in the biomass particle and finding the solid fraction, given by
The activation energies (E a ) and pre-exponential factors (A) used for the finite-rate chemistry are shown in Table 6 . The activationenergy values were obtained from the literature [6, 40] . The four pre-exponents were simultaneously fit to experimental data for the base-case simulations. Fig. 3 compares experimental data for six different experimentally measured quantities with simulations. Although the good agreement for this particular data set is partly a result of parameter fitting of pre-exponential factors, it also indicates that the model captures the relevant chemical and physical phenomena of pretreatment. Some discrepancies exist that may be partly due to the consequence of the simplifying assumptions used in the model, but it may also be the result of experimental uncertainty. We did not have sufficient replicate data to provide quantitative error bars for each data point. However, it is possible to calculate a mass balance around the solid species (insoluble and soluble) and xylan species (xylan, xylooligomers, xylan, and furfural), and the magnitude of the deviation of the mass balance from unity provides a quantitative indication of the uncertainty of the data. The mass-balance deviation is shown as bars in the figure.
The same set of model parameters are used to predict pretreatment results for three other sets of experiments, as discussed in the following section.
Model validation
Model simulation results are further compared to data from three additional sets of pretreatment experiments. Fig. 4 shows the comparison of simulations with experiments for a case with 150 C saturated steam and 0:5% acid. The xylose concentration, water addition, and FIS have been predicted well, but the model under predicts the oligomer and furfural concentrations. The dilution in the experiment shows significant variability due to measurement inaccuracies, which potentially affects the species concentration measurements. The xylan mass fraction diminish rapidly in the simulations compared to the experiments, reaching 99% conversion at the end of 40 min. Fig. 5 shows the comparison for pretreatment using 170 C saturated steam and 1% acid. The pretreatment conditions in this case is where the biomass is exposed to highest temperature and highest concentration of acid, which results in the fastest conversion rates among the four experiments. The oligomer and furfural concentrations are slightly over [6, 40] . predicted for this case while other quantities compare well. The simulation predicts peak oligomer concentrations at about 1 minute which is not resolved in the experimental sample times. Fig. 6 compares the simulations and experiments for pretreatment using 170 C and 0:5% acid. All of the quantities tend to agree well with experiments. The xylose concentration is slightly over predicted by the model, while the xylooligomer and furfural concentrations are slightly under-predicted.
The model tends to capture a slightly higher FIS for all four cases studied. Depolymerization of only xylan is considered in the model while keeping the mass of other solids constant. This is not the case in the physical experiments where other components such as lignin and glucan are also known to be converted to soluble species during pretreatment. The dominant xylooligomer is assumed to be xylotriose in the simulations. This could be the reason for oligomer concentration deviations seen in Fig. 4 . Significant deviation between predicted and measured furfural is observed in Fig. 4(f) , which is the weakest pretreatment conditions studied among the four cases. This could be attributed to measurement errors in dilution (Fig. 4(b) ), which may be comparatively lower than actual values, resulting in higher concentration levels. At strong pretreatment conditions, the furfural concentration is predicted to increase even after complete xylan conversion in Fig. 5(f) . This is because of the presence of high xylose concentrations; xylose is subsequently converted to additional furfural by the only degradation reaction considered in the model. Other conversion pathways for xylose and furfural to byproducts are known to exist that are not considered in the model. For example, experimental measurements (not shown) suggest that, at severe pretreatment conditions, xylose degradation products may be forming heterogeneous complexes with lignin.
Underlying physics
Figs. 7 and 8 show the spatio-temporal variation of different physical and species parameters, respectively, during the initial 30 seconds of pretreatment for the base-case simulations. A ''heat-up'' (or start-up) time of $30 s is commonly observed in pretreatment, and it is helpful to have an understanding of the chemical and physical phenomena that are occurring during this initial phase. The temperature distribution within the biomass particle (Fig. 7(c) ) tends to equilibrate within 0.1 seconds due to fast thermal diffusion and high lateral heat transfer rate. Fig. 7(a) shows the variation of steam concentration in the biomass particle. The steam-diffusion coefficient depends on the gas volume fraction, which is the fraction of pores not occupied by liquid. Liquid volume fraction is seen to increase close to the boundaries via condensation ( Fig. 7(b) ), which reduces the fraction of pores accessible by steam. Therefore, diffusion is impeded at the end of 10 s and the steam concentration is seen to stabilize within the biomass particle. The acid concentration is seen to diminish in the regions where liquid fraction increases. Because the acid acts as a catalyst, the total number of moles does not change and acid is diluted at the boundaries where steam condensation first occurs. Fig. 8 shows the spatio-temporal variation of species concentrations during pretreatment. With higher acid concentrations in the middle of the particle, there are higher rates of conversion there as well. Hence, xylan mass fraction is seen to diminish faster in the middle of the particle, and likewise there are higher concentrations of xylose, xylooligomers and furfural in the middle of the particle.
Figs. 9 and 10 show the spatio-temporal variation of pretreatment parameters over longer periods of time, up to 20 min. There is negligible temperature variation within the particle over time, as shown in Fig. 9(c) . Steam diffusion is observed to be impeded until 5 min and restarts due to re-evaporation of liquid at the boundaries. The threshold liquid fraction of LT ¼ 0:8 (see Eq. (13)) has been reached, which triggers evaporation. The steam diffuses into the particle while the liquid fraction increases via condensation as shown in Fig. 9(b) . Acid concentration is seen to reduce in the regions of higher liquid fractions. Fig. 10 shows the spatio-temporal variation of species concentrations during pretreatment. Xylan mass fraction is reduced in the middle of the particle where acid concentration is higher. Higher concentrations of xylose, xylooligomers and furfural are again observed to be in the middle of the particle due to higher acid concentrations that aid in greater species production. Xylan conversion is complete in the middle of the particle at the end of 20 min. Oligomer to xylose to furfural conversion becomes the dominant reaction pathway. This along with dilution reduces oligomer and xylose concentrations. Furfural, being the final degradation product, continues to increase in concentration with time as the rate of furfural generation is greater than the rate of steam condensation and subsequent dilution.
Parameter sensitivity study
A sensitivity study with respect to steam-diffusion coefficient, particle size and aspect ratio is described here. The steam-diffusion coefficient is a function of the pore diameters in the biomass particle as shown in Eq. (9) . Pore diameters tend to vary over a wide range of values from nanometers at cell walls to macro-pores, which have sizes on the order of a few microns. Fig. 11 shows parameter sensitivities for varying pore diameters where 15 nm is the base case. The steam-diffusion coefficient at saturation temperature T s ¼ 150 C corresponding to the base-case is 0:035 cm 2 =s, assuming that the gas volume fraction is equal to one. The Xylan mass fraction is largely insensitive to the diffusion-coefficient variation. The dilution due to condensation is very sensitive to steam diffusion, for which an average variation of 18% is observed for a pore diameter of 7.5 nm (50% decrement from base case). The variation in dilution also affects the soluble species concentrations. The variability in dilution reduces to 11% with a 50% increase in pore diameter, indicating lower sensitivities for higher steam diffusion rates. 12 shows the sensitivity of the six different parameters to varying particle lengths. A particle length of 5 mm was used for the base-case simulations, which is consistent with the knife mill screen size used in the experiments. The amount of dilution is seen to reduce with increasing particle size. Steam diffusion effects are more prominent in smaller-size particles, which increases water content over a larger fraction of the particle volume. The sensitivity to dilution is observed in all of the soluble species with higher concentration values for larger particles. Fig. 13 shows the sensitivity of the six different parameters to varying aspect ratios from 15 to 25. All other variables are set to the same values as the base-case simulations. The results are largely insensitive to aspect ratio. The aspect ratio affects the transverse heat transfer term in the thermal energy equation (Eq. 8). The temperature equilibration happens over seconds, which does not affect species transport for varying aspect ratios.
Conclusions
A spatio-temporal multiphysics model for a biomass particle undergoing dilute-acid pretreatment at high-solids concentrations has been developed. Model parameters were obtained from the literature, where possible, and by fitting with one set of experiments (base case); the model was then used to predict the results from three other sets of experiments. The model predictions are observed to agree well with the experimental data. Spatio-temporal variation studies illustrate that thermal-conduction time scales are much shorter than reaction time scales, which results in the rapid equilibration of temperature within the biomass particle. Biomass conversion reactions are seen to closely follow spatial and transient variations in acid concentration. Steam diffusion, condensation, and evaporation are competing processes which play an important role in determining the acid concentration in the biomass particle. An intra-particle multiphysics model such as this one could prove to be an effective simulation tool for design and optimization of pretreatment unit operations in bio-chemical conversion processes to biofuels.
